~/ A quantitative autoradiographic technique that utilizes carbon-14-aminoisobutyric acid (I4C-AIB) as a tracer was used to study alterations in cerebral microvascular permeability in 15 rats. Five were "shamoperated" controls and l0 underwent microsurgical, unilateral occlusion of the proximal middle cerebral artery (MCA). Histological changes indicative of focal cerebral ischemia were observed in only the latter l0 animals. These changes were confined to tissue normally perfused by the occluded MCA. After MCA occlusion, five animals were also subjected to transient halothane-induced hypotension (mean arterial blood pressure 50 mm Hg) for 20 to 30 minutes. Only in these five animals were blood-to-brain transfer constants (ki) significantly increased (by approximately 100%) at 4 hours after MCA occlusion. The topographical distribution of this alteration in cerebral microvascular permeability corresponded closely with the histological changes. Neither proximal MCA occlusion nor halothane-induced hypotension alone was associated with any focal or diffuse increase in ki after 4 hours.
B
RAIN swelling is seen in up to 70% of patients with cerebra1 3 infarction. Experimental studies have emphasized that swelling due to edema is an important determinant of the ultimate outcome of an ischemic lesion. It has been stated that "the critical phenomenon for the development of an infarct following middle cerebral artery occlusion is the development of oedema and not energy failure. ' 'is Concepts about the mechanisms responsible for ischemic edema have been particularly influenced by studies of the permeability of the blood-brain barrier (BBB) which have employed as tracers molecules with relatively large hydrodynamic diameters, such as Evans blue albumin (71 A) or horseradish peroxidase (50 to 60 ,~). These studies have led to the view that, in the initial stages, ischemic edema is mainly cytotoxic: water accumulates within cells and the cerebrovascular endothelium remains impermeable to the large tracers. At a later stage, permeability of the endothelium is increased and the consequent vasogenic edema may then provide the greater contribution to the degree of brain swelling. Moreover, recent ultrastructural studies have shown that an increased number of intraendothelial cell vesicles, suggesting an increase in transport activity, can be seen within 1 hour, and perhaps within minutes, after a variety of hypoxic/ischemic insults. 22, 31 The latency of the appearance of altered vascular permeability can be varied by several factors; in particular, in models in which reperfusion is allowed, an increase either in the severity or in the duration of the ischemic insult accelerates the appearance of increased permeability. Some of these factors, such as alterations in blood pressure or the administration of halothane, 12 may be clinically relevant.
Investigation of the permeability of the cerebrovas-cular endothelium has recently been advanced by the introduction of methods that employ small isotopically labeled tracers of low permeability across the normal endothelium. 7, 27 In contrast to studies with large tracers which can identify only major changes in permeability and cannot quantify these, the new methods permit extremely sensitive and quantitative studies of the kinetics of transfer of tracers from blood to brain. Moreover, by the use of a suitable tracer and the application of quantitative autoradiography, blood-to-brain transfer of the tracer can be mapped regionally. This enables precise correlations between the extent of a pathological lesion and the site and severity of altered permeability. We have therefore used carbon-14 (14C)-labeled alpha aminoisobutyric acid (AIB) 7 to determine the effects of focal cerebral ischemia on local BBB permeability and to investigate the additional effects of halothane-induced hypotension. The studies were performed in rats in which one middle cerebral artery (MCA) had been occluded by a technique devised in our laboratories? 5,3G
Materials and Methods

General Principles
We utilized the quantitative autoradiographic method developed by Blasberg and his colleagues 7 to study cerebral microvascular permeability. This technique derives a blood-to-brain transfer constant (ki) for 14C-labeled aminoisobutyric acid (14C-AIB), a small (molecular weight = 103), neutral, metabolically inert amino acid. Under normal circumstances, 14C-AIB is slowly transported across the capillary endothelium38 However, once it enters the cerebral extracellular space, it is avidly transported across cell membranes. Provided that neutral amino acid transport mechanisms are intact, 14C-AIB rapidly attains a high intracellular concentration relative to that in plasma and is essentially "trapped" in brain tissue2
The ki is a quantitative indicator of unidirectional transfer of a substance from blood-to-brain over the course of many circulation times. H Like blood flow, k~ is a measurement of clearance, and has units of volume.mass -1.time -~. After intravenous bolus administration of the tracer, the ki for 14C-AIB is calculated by initial uptake rate analysis of brain tissue and arterial plasma data, according to the following equation developed by Ohno, et al. :2v Cb(T) ki = --fo T Cpdt"
In this equation, the numerator is the concentration of the tracer in the brain (Cb) at the end of the experimental period (T). The denominator is the "exposure" or the integral of the arterial plasma tracer activity which is calculated over the time course of the experiment.
Surgical Preparation
The experiments were performed on 15 adult male Sprague-Dawley rats weighing 310 to 390 gm, which were allowed free access to food and water until the day of the experiment. A tracheostomy was performed under 2% halothane anesthesia, after which the animals were paralyzed with gallamine triethiodide (20 mg/kg intraperitoneally) and mechanically ventilated with a nitrous oxide-oxygen mixture (70%:30%) containing 0.5% halothane. Polyethylene catheters were inserted into one femoral artery and vein in order to allow continuous monitoring of the mean arterial blood pressure (MABP), intermittent determination of arterial blood gas concentrations and pH, and administration of the tracer. Normothermia (37~ was maintained by means of a homeothermic heating system coupled to a rectal thermistor probe.
All animals then underwent subtemporal craniectomy and exposure of the proximal portion of the left MCA, using a microsurgical technique previously developed in our laboratory? 5 In five "sham-operated" control animals, the artery was exposed and the adjacent pia-arachnoid was electrocoagulated using a Malis bipolar microforceps.* In the remaining 10 animals, the main trunk of the MCA was focally electrocoagulated medial to the olfactory tract. This lesion was always placed at, or just proximal to, the origin of the most lateral lenticulostriate branches.
Experimental Groups
The 15 animals were divided into three equal experimental groups: sham-operated, normotensive, and hypotensive. In both the sham-operated animals and in the normotensive animals, the MABP was maintained within the 90 to 115 mm Hg range for the duration of the experiment. The MABP was controlled by small adjustments of the inspired halothane concentration (0.25% to 0.75%) and intermittent slow intravenous injections of normal saline (0.25-to 0.5-ml increments. In the hypotensive animals, the MABP was gradually reduced to approximately 50 mm Hg in the first 5 minutes following MCA occlusion. Hypotension was induced by increasing the inspired halothane concentration to 4%, and was then maintained at the desired level by adjusting the concentration within a range of 2% to 4%. After 20 minutes of hypotension, the inspired halothane concentration was gradually reduced and the MABP was allowed to return to the 90 to 115 mm Hg range over the course of approximately 5 minutes. Using the techniques described above, the MABP was maintained within this range for the remainder of the experiment (3.5 hours). Arterial blood gas concentrations were determined from 0.2-ml arterial blood samples immediately prior to arterial occlusion and immediately be-* Malis bipolar microforceps manufactured by Codman and Shurtleff, Randolph, Massachusetts. fore tracer injection. Animals with a PaO2 of less than 80 mm Hg were excluded from further study. Minute volume was adjusted, if necessary, to bring the PaCO2 into the 34 to 41 mm Hg range prior to arterial occlusion and tracer injection. Animals with a PaCOz outside this range at 15 minutes after MCA occlusion were not studied further.
Regional Transfer Constant (kO and Histology
All 15 animals received an intravenous bolus of 75 #Ci of 14C-AIB at 4 hours after MCA occlusion. Fourteen timed arterial blood samples were then collected over the next 25 minutes and immediately centrifuged. The ~4C-AIB concentration in 20 lambda plasma samples was determined by liquid scintillation counting.
Each animal was decapitated immediately after the final (25-minute) sample of arterial blood had been obtained. The brain was rapidly removed and frozen in isopentane cooled to -45 ~ in a mixture of acetone and dry ice. The brain was then sectioned (20 #m) by a cryostat (-22~
Six consecutive coronal sections were reserved for autoradiography. The next two were fixed in FAM (40% formaldehyde, glacial acetic acid, and methanol 1:1:8), stained with cresyl violet, and examined by light microscopy. The next 12 sections were discarded. This sequence was repeated until the entire cerebrum had been sectioned.
The sections for autoradiography were placed on glass cover slips, rapidly dried on a hot plate (65~ and mounted on pressed paper boards. A set of 10 precalibrated 14C-methyl methacrylate standards (with a range of 44 to 1475 nCi/gm) was also mounted on each board. Autoradiographs of the tissue sections and standards were obtained by exposing them to single coated x-ray f'tlm (Kodak SB-5) within a cassette for 14 days. The optical density of the autoradiographic images of the standards and selected portions of the tissue sections was measured on a computerbased microdensitometer.J-Four coronal brain sections were selected for study (Table 1 ). In each coronal section the optical density was determined at four loci (frame size = 1 sq ram) in each hemisphere ( Table 2 ).
The optical density was measured in a minimum of four consecutive tissue autoradiographs and the mean value was used to calculate the tissue 14C concentration for each locus.
A calibration equation relating optical density and radioactivity in each film was derived from measurement of the optical densities of the precalibrated ~4C-methyl methacrylate standards. This equation was used to calculate the tissue 14C concentration (nCi/ gm) at each locus from the mean optical density. Finally, the transfer constant (ki) for each locus was determined from the tissue 14C concentration and the t Quantimet microdensitometer manufactured by Cambridge Instruments Co., Inc., 73 Spring Street, Ossining, New York. arterial plasma 14C concentration-time integral, according to Ohno's equationY Interhemispheric differences in ki at corresponding loci were analyzed by Student's t-test for paired data.
Selected autoradiographs were also analyzed by the computerized image processing system developed by Goochee, et al. TM Pseudocolor transformations of the autoradiographic images were obtained from digitalized data that were generated by a scanning microdensitometer. These transformations display the transfer constants of an entire tissue section in pictorial form.
The distribution of histological changes in each animal was charted by one observer (D.I.G.) (without reference to the autoradiographs) on line diagrams of coronal brain sections. Moreover, the observer was not informed about the group of animals from which individual brains were derived.
Results
General Preparation
Cardiovascular and respiratory data from the shamoperated control, the normotensive, and the hypotensive groups of animals are given in Table 3 . There was no significant difference in the arterial blood gas concentrations or pH immediately prior to tracer administration. Aside from the intended difference in MABP at 15 minutes after left MCA occlusion in the hypotensive group, there were no statistical differences in the physiological variables of the various groups; the MABP in all animals remained within the range that we define as normal for this preparation (90 to 115 mm Hg). The t o p o g r a p h i c a l extent o f these cortical a n d neostriatal lesions was slightly greater in the hypotensive group. In particular, the lesions e x t e n d e d more medially in the rostral portions o f the caudate p u t a m e n . Lesions were never observed in any portion o f the right hemisphere or in the d o r s o m e d i a l cortex or in the globus pallidus o f the left h e m i s p h e r e in any o f the animals.
The histological changes in the area o f ischemia which we detected in the frozen sections consisted o f disorganization o f the n o r m a l l a m i n a r a n d c o l u m n a r cortical architecture a n d d i m i n i s h e d affinity for cresyl violet. The ischemic cell process per se s cannot be identified in frozen sections, but there were sharp transitions between n o r m a l brain and the affected region which p e r m i t t e d the latter to be delineated confident!y.
Blood-to-Brain Transfer Constants (ki)
There was a small, focal increase in ki in all 15 animals in the region of the rhinal sulcus. The increase, relative to the ki o f the corresponding contralateral region, was as great as an order o f magnitude. This area was i m m e d i a t e l y subjacent to the operative site and, as noted above, d e m o n s t r a t e d histological changes consistent with focal m e c h a n i c a l a n d t h e r m a l injury. Tissue 14C activity greater than that o f n o r m a l gray m a t t e r was also observed in the leptomeninges, in the choroid plexus, in portions o f the ventral hypothalamus, and in the pineal gland, all o f which are areas n o r m a l l y without BBB features. The ki for the pineal gland was actually d e t e r m i n e d (Tables 4, 5 , and 6), a n d no significant difference was found between the values in the normotensive and hypotensive groups.
Sham-Operated Control and Normotensive M C AOccluded Animals.
Values from these groups were very similar. There was not a significant interhemispheric difference in ki in any locus in any coronal section in either series (Tables 4 a n d 5), nor was there a significant i n t r a h e m i s p h e r i c variation a m o n g the three cortical loci. F u r t h e r m o r e , no locus d e m o nstrated a significant difference in ki between rostral and c a u d a l sections.
T A B L E 5
Transfer constants (ki) Hypotensive MCA-Occluded Animals. I n t e r h e m i -
o n e -t h i r d o f C P ; S e c t i o n 2: L a n d D L c o r t e x a n d t h e d o r s o l a t e r a l t w o -t h i r d s o f C P ( F i g . 1 right); S e c t i o n 3: L a n d D L c o r t e x a n d t h e e n t i r e C P e x c e p t f o r t h e v e n t T a b l e 6 also d i s p l a y s t h e m e a n i n t e r h e m i s p h e r i c d i f f e r e n c e i n ki f o r e a c h l o c u s i n e a c h s e c t i o n . T h e m a x i m u m m e a n d i f f e r e n c e i n a n y s e c t i o n w a s 109%.
:~ See Table 2 for a description o f symbols. * For definition of loci see Table 2 . Values are mean + standard error, ~" Significance determined by Student's t-test for paired data. NS = not significant.
In any single animal the maximum interhemispheric difference recorded was 280%, and in no animal was the maximum difference less than 79%.
In the hypotensive group, the ki values in the right hemisphere and in the dorsomedial cortex of the left hemisphere were similar to the values in the corresponding loci in the normotensive group. regional distribution of blood flow alterations are also predictable? G,37 This model also has the advantage of being less expensive than most other models of focal cerebral ischemia. Finally, its suitability for the study of cerebrovascular occlusive disease is enhanced by the similarity of the cerebrovascular anatomy in the rat and in man? 9 The temporal parameters of the present experiment were, with few exceptions, the same as those that have been used by Blasberg, eta/. 4, 5, 7 The method of tracer input (intravenous bolus injection) causes a progressive decrease (usually exponential) in the intravascular tracer concentration as a function of time. This minimizes the contribution of intravascular tracer to the measured brain tissue activity (Cb) at the end of the experiment. However, back-diffusion of tracer from brain to blood also increases with time (and with the decline in plasma tracer concentration). As a result, a 25-minute tracer circulation time was selected because this strikes a compromise between a low final intravascular tracer concentration and a minimal degree of tracer back-diffusion.
Discussion
Experimental Model
T h e r a t m o d e l o f p r o x i m a l M C A o c c l u s i o n u t i l i z e d i n t h i s e x p e r i m e n t p r o d u c e s a h i s t o l o g i c a l l e s i o n t h a t is c o n s t a n t i n t o p o g r a p h i c a l d i s t r i b u t i o n a n d o n l y m o d e r a t e l y v a r i a b l e i n s i z e ? 5 T h e m a g n i t u d e
Blood-to-brain transfer of 14C-AIB was studied 4 hours after MCA occlusion because we found this is the earliest stage at which we could reliably identify ischemic histological changes on frozen sections. We wished to compare the topographical distributions of changes in tissue morphology and BBB function in the same animals. Perfusion f~xation allows earlier documentation of ischemic cell changes, 35 but could not be used because it might "wash" the tracer out of the tissue. Loss of tracer is particularly likely if, as in this experiment, the tracer is not necessarily trapped intracellularly (see below).
Even with a 4-hour post-occlusion survival time, we could not identify the changes characteristic of ischemic nerve cell injury that have been described in FAM perfusion-fixed rat brain. 8 Nevertheless, in a preliminary study in which 20 rats were sacrificed 4 hours after unilateral MCA occlusion, we found that the topographical distribution of typical ischemic cell changes in the 10 brains which were FAM perfusionfixed was the same as the distribution of the less specific histological alterations that were observed in the 10 brains that were frozen prior to fixation. We therefore consider the histological changes that we observed in frozen sections to be a marker for ischemic brain damage.
Distribution of Structural and Functional Changes
In the hypotensive group of animals, the topographical distribution of ischemic histological changes almost exactly coincided with that of the regional increase in transfer constants. The distribution of these structural and functional changes was confined to tissue supplied by MCA branches distal to the point of vessel occlusion. According to Yamori, et al.,39 both the anterior cerebral artery (ACA) and the MCA arise from the internal carotid artery in the rat as they do in man. In the anterior two-thirds of the cerebral hemisphere (to which the present study was confined), the ACA supplies the dorsomedial cortex and subjacent white matter. The MCA supplies the remainder of the cortex and medullary substance. All major cortical branches of the MCA arise lateral to the olfactory tract. Thus, in our model, ischemic changes are invariably seen in both the lateral and dorsolateral cortex, except in the more caudal sections where the boundary zone between the MCA and posterior cerebral artery territories begins. Occlusion of the lateral group of lenticulostriate arteries, which originate from the MCA at or just medial to the olfactory tract, 39 accounts for the lesions in the anterolateral portion of the caudate putamen. The anteromedial and posterior portions of the basal ganglia are supplied by recurrent branches of the ACA and by the medial lenticulostriate branches of the MCA, respectively. Lack of ischemic changes in these areas may be because their vascular supply originates proximal to the point at which the MCA was occluded.
Interpretation of Increases in Regional Transfer Constants
Accuracy of the Transfer Constants. The blood-tobrain transfer constant is not a measure of capillary permeability per se, because it depends upon the rate of regional cerebral blood flow (rCBF), the fractional volume of blood which serves as a source for uptake of the tracer, and the capillary surface area? ~ Nevertheless, when the value for ki is at least an order of magnitude smaller than the value for rCBF, then kt provides a good approximation of the permeabilitysurface area product (PS). 11 In the hypotensive group, the ki in tissue normally supplied by the occluded portion of the MCA would be increasingly limited by rCBF as the latter declined below approximately 2 • 10 -z (ml. gm -1. min-1). Under this condition, ki would approach rCBF in value and would therefore tend to underestimate the increase in PS. We have not yet determined rCBF in the hypotensive group. On the other hand, even in rats which were kept normotensive for a 4-hour period following left MCA occlusion, we have seen focal reductions in rCBF to less than 3 • 10 -2 (ml. gm -x.min-1)? 7 Thus, in the present experiment, transfer of tracer from blood to brain could have been partially limited by profound reductions in rCBF.
Other factors that may also have caused us to underestimate the magnitude of the regional increase in the transfer constant include back-diffusion of tracer from brain to blood and intraparenchymal tracer diffusion (or bulk flow). Both processes would be enhanced if the amino acid transport mechanism that is normally responsible for intracellular trapping of the tracer failed to function in the ischemic tissue. 4,5 As a result of backflux of tracer from the extraceUular space to plasma (or tracer dispersion within the extracellular space), the measured tissue concentration (Cb) might be less than the total quantity of tracer that crossed from blood to brain. Whether a significant amount of back-diffusion or intraparenchymal redistribution actually occurs during the relatively short 25-minute tracer circulation time has not been determined.
The magnitude of the regional increase in k~ in the hypotensive animals might also be underestimated if the BBB defect had begun to resolve in the 3.5 hours between restoration of normotension and tracer administration. This phenomenon has been observed in other types of BBB injuries that have been studied by 14C-AIB quantitative autoradiography, including cortical freeze injury ~ and intracarotid infusion of hyperosmotic solutions? Although we have not yet excluded this possibility in the hypotensive group, we have largely excluded early resolution of a BBB defect as the cause of the normal transfer constants in the normotensive group. In a preliminary study of 10 animals, we found transfer constants were normal in both hemispheres at intervals of 30 to 60 minutes after unilateral occlusion of the proximal MCA. Finally, we have almost certainly "under-reported," if not underestimated, the actual increase in regional ki in the hypotensive animals. This is because we chose to determine optical density at a constant set of anatomical loci. In any given animal, these loci did not necessarily correspond to the areas with the highest optical density values.
The possibility that the regional increase in k~ is an artifact of expansion of the regional capillary blood volume should also be considered. The tissue tracer concentration (Cb) includes intravascular tracer as well as tracer that has actually been transferred from blood to brain. As previously noted, the tracer input modality tends to minimize the intravascular tracer concentration at the end of the experiment. Nevertheless, the average final whole-blood tracer concentration in the hypotensive group of animals was approximately 200 nCi/ml. We have calculated that a regional blood volume of 19% would account for the entire increase in tissue tracer activity in all of the hypotensive animals. However, this would necessitate a sixfold increase in regional blood volume, assuming a normal cerebral blood volume of 3% in the rat? 5 This blood volume expansion would have to persist after decapitation, which produces cranial exsanguination. Furthermore, it would have to affect primarily the capillary bed. It thus seems unlikely that the regional increase in ki in the hypotensive group represents only an increase in tissue blood volume.
Significance of Increase in the Transfer Constants. From the above discussion it seems likely that the regional increase in transfer constants in the hypotensive group represents an increase in capillary permeability. Furthermore, the magnitude of this increase is more likely to have been underestimated than overestimated. Even so, these transfer constant increases are relatively small (approximately 100%) in comparison to increases of an order of magnitude or more in tissue adjacent to brain abscesses, 26 cortical freeze lesions, 5 and experimental metastatic tumors. 4 The ki values that we have derived in the present experiment are actually at or below the previously reported limits of resolution of this autoradiographic technique. 4 Nevertheless, the interhemispheric differences in ki were statistically significant and the topographical distribution of the increases coincided with that of the histological changes and with the normal distribution of the occluded vessels. In addition, the ki values for loci in the hypotensive group at which no significant interhemispheric difference was found were almost identical to the values at corresponding loci in the normotensive group. We believe that it is these "normal" values that actually represent the sensitivity limit of the technique. If this is indeed the case, these values might be greater than the true ki. As a result, the magnitude of some of the interhemispheric differences in k~ in the hypotensive animals might have been underestimated.
Pathophysiology of the Increase in Permeability
The mechanism by which transient halothaneinduced hypotension promotes or accelerates an increase in transcapillary transfer of 14C-AIB in this model of focal cerebral ischemia is not clear. The duration of the latent period between the ischemic BBB injury and the development of a detectable increase in permeability to a given solute is influenced both by the severity of the ischemic insult and by the adequacy of subsequent reperfusion. 13,19,3~ Therefore, the severity of the reduction in rCBF during the period of hypotension as well as the degree of recovery of rCBF after normotension has been restored may both be important.
Our observation that permanent MCA occlusion alone does not cause an acute increase in capillary permeability to 14C-AIB is consistent with the results of previous studies of the distribution of protein tracers following MCA occlusion in other species, s~ The superimposition of halothane-induced hypotension may simply decrease rCBF still further in tissue in which the focal and global reductions in perfusion coincide. As a result of this more severe ischemic injury to the BBB, the latency of detectable BBB opening to 14C-AIB may have been decreased. There are several mechanisms that might have been responsible for a critical further reduction in rCBF in tissue normally supplied by the occluded vessels. First, halothane-induced hypotension can produce a pronounced global reduction in CBF, provided that a major reduction in cerebral perfusion pressure is pro~t/ced. 2~ It would seem likely that any degree of global reduction in CBF would have the greatest hemodynamic consequences in regions already dependent upon a collateral blood supply? TM Second, both the hypotension itself and the high inspired halothane concentration would be expected to produce general-ized cerebrovascular dilatation. Even if global CBF were maintained, there might be shunting of blood from the vascular bed of the focally ischemic area? ,aT Furthermore, by increasing local tissue pressure and thus local vascular resistance, any increase in perifocal blood volume might diminish rCBF in the area of focal ischemia. 16 The second possibility is that an absolute or even relative increase in rCBF following restoration of a normal MAP is responsible for the increase in capillary permeability. An absolute increase in CBF (hyperemia) has been reported in baboons following recovery from halothane-induced hypotension, 2~ and hyperemia occurring shortly after a focal ischemic insult causes extravasation of protein tracers and worsens ischemic cerebral edema. 16,3~
Even if rCBF does remain subnormal in the territories of the occluded MCA, it is likely that the high halothane concentration produces at least some recovery in rCBF once normotension has been restored? 3 The decrease in blood flow through collateral vessels during hypotension followed by at least a partial restoration during normotension may have effects on the BBB similar to those of occluding and then subsequently reopening the MCA. In studies of temporary MCA occlusion in other species, reperfusion of ischemic tissue has been shown to accelerate the development of abnormal microvascular permeability. 13,19,3~ Opening of the BBB after restoration of flow might be explained by a dilatation of resistance vessels. This would increase transmission of the arterial pressure into the already damaged microcirculation. Increased intravascular pressure would initially affect water flux between blood and brain, but Forster, et al., ~2 have suggested that increased hydrostatic pressure is the reason that halothane enhances the extravasation of plasma protein during acute arterial hypertension.
Finally, it is possible that halothane, particularly in high concentrations, has a direct effect on the permeability of injured cerebrovascular endothelium. Anderson, et al., 2 recently reported that 3% halothane anesthesia may alter the transport of a lipid-soluble, pH-sensitive indicator across the BBB. Furthermore, both in vitro 9 and in vivo 23 studies have suggested that halothane concentrations in excess of 2% have a toxic effect on mitochondrial function. Whether there is a direct relationship between impairment of mitochondrial and BBB function remains unknown. However, Oldendorf, et aL, 29 have demonstrated that cerebral capillaries, in areas of the brain with a BBB, have an unusually high mitochondrial content, and Petito 31 has suggested that this finding may account for the relative resistance of cerebral capillary endothelial cells to ischemia.
Conclusions
The fact that, in the hypotensive animals, the regional increases in permeability were relatively small illustrates the importance of using a sensitive, quantitative technique when studying alterations in BBB function. Furthermore, techniques that actually calculate the blood to brain transfer of a tracer (such as a transfer constant or an extraction fraction) are potentially superior to techniques that merely determine the volume (or cross-sectional area) of tissue within which the tracer is distributed. Quantitative changes in transcapillary tracer transfer should be employed in studies aimed at discovering means of treating abnormal permeability after BBB injury. Discrepancies in conclusions about the efficacy of some treatments may be the result of differences in the experimental model of BBB injury. Such differences may not only include the method of BBB insult and type of tracer that are employed, but also the severity of BBB dysfunction that is produced.
Finally, caution is advised in drawing conclusions from the study about the pathophysiology of "ischemic cerebral edema." The present experiment has documented a significant net transendothelial transfer of an amino acid tracer but not of water. In experimental models of acute focal ischemia produced by unilateral MCA occlusion, there can be differences in the temporal and spatial distributions of protein tracers and water. 24,25 Furthermore, it cannot be concluded that similar changes in microvascular permeability must occur following cerebrovascular occlusion in man. Nevertheless, the suggestion that a transient reduction in systemic arterial pressure might cause an acute increase in BBB permeability in focally ischemic tissue is of potential clinical importance. For example, the degree of preexistent regional ischemia may influence the extent of postoperative edema formation in patients subjected to transient hypotension during an intracranial operation for an aneurysm.
